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Radium Isotopes in Saline Groundwaters

Jumpei Tomrta”

Abstract

Chloride type saline groundwater samples were collected from 114 locations around
coastal areas and sedimentary basins in Hokkaido, Aomori, Akita, Yamagata, Niigata,
Toyama (Himi City) and Ishikawa Prefectures in Japan. Drill cutting rock samples were
collected from Hokkaido, Toyama (Himi City) and Ishikawa Prefectures, while rock samples
from outcrop were sampled from Niigata Prefecture. A scale sample in the pipe of the well
was also obtained from Hokkaido. Radium isotopes, **Ra and **Ra, of groundwater samples
were measured along with dissolved components, 8°H and 3"0. Water chemistries and
stable isotope signatures indicated that the groundwaters were seawater (fossil seawater) in
origin. Activities of *Ra in the chloride type groundwater samples varied in a rather wide
range from 1.8 to 5080 mBq kg ', and groundwater samples with high **Ra contents over
370mBq kg™' were found at 30 locations even in coastal areas and sedimentary basins. The
highest value of **Ra activity found in this study was comparable to that of the Arima Hot
Spring (6,200mBq kg '). The activity ratios of **Ra/**Ra of them ranged from 0.085 to 11.7,
and most of them were clustered in a range from 05 to 2.5. Activities of **U and activity
ratios of **Th/**U of the rock samples obtained ranged from 5.7 to 96 mBq g~ and from 0.12
to 2.5, respectively. The *Ra/**Ra activity ratios of groundwater samples were comparable
to or higher than **Th/**U activity ratios of rock samples, indicating that Ra isotopes in
groundwater samples were mainly supplied to water phase by alpha-recoil from aquifer
rock (mineral) surface associated with the alpha decay of parent Th isotopes. Activities of
*Ra in groundwater samples were roughly correlated to their salinities (TDS) and other
alkali earth elements (Ca, Sr, Ba), indicated that **Ra of them were mainly constrained by
adsorption-desorption reaction depending on salinity, which were probably due to the ion
exchange reaction. A scale sample in the pipe of the well from Hokkaido was composed
chiefly of barite, and had high **Ra activities with 3xX10°mBq g~'. This result showed that
Ra isotopes in groundwater samples were co-precipitated with BaSO, in the well. Clear
correlations between **Ra-TDS, *Ra-Ca, **Ra-Sr and *Ra-Ba observed in sulfate-free
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groundwater samples indicated that the existence of sulfate was identified as an important
contributor to the variations observed in those relationship among all groundwater samples.
The results of leaching experiments of drill cutting rock samples with diluted HCI and
saturated NaCl solution indicated the possibility of the existence of Th-enriched surface
layer at water-rock interface, which played important role in the formation of groundwater
with higher *Ra/*Ra activity ratio than those of Th-/U-series of whole rock.

Key words : chloride type groundwater, Ra isotope, alpha-recoil, salinity, adsorption-desorption
reaction, leaching experiment, Th-enriched surface layer
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KIKZIZ 4 >0 Ra ik, 7 (U) RO *Ra CEEM 1600 4F), bY =72 (Th) RFo
Ra (5.754F) M U"*Ra (366 H), 727 F =24 (Ac) R5® *Ra (1143 H) "FET 5. Zhd
@ Ra ki, RV OERIMAT R 2 2 2 & 005, B K OFNARE OB 2 v ThE £ 72
WERILZE 7 0 v ZDMHICH ST E 7z B, ®Ra ZRHIEE (100mBqL ™) (&AM - K
IR AR AR DAEAE R i FARMERERT (WHO) D i KiHG: L ~N)L (*Ra 23 10°mBgq L', WHO,
2011) %Mz 2 R I T RDOFAESE, HMIRILFE DO A% S THESHRPIEOBIS 25 b FKF D
Ra [FI AR EE K S Z DFFHICOWTIHEH S hTwab, TR O Ra FMEICOWTIE, #BTFAK
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ORIRIRDE (pH, BbiocERSe, #, ‘Af (B4) OfS) 12X Y Ra FAARO SZEIEK 23 5%
bk, F7z, RaAARSAELED Th AAEOEEHETH L Z b, WABEOVELZZ
JR9<, ZOREIEMTH 5.

AARICBWTIE, HEtiEz &tiReE (®Ra:370mBqL ' LLL) QALY L T, HL 25
BIRAKT D RalZOWTEHOMIEN IO TE 72, TOMERE, »Ra OIHEHBHTH 5 U % g
MR I E D bR AT e T Y HRIEIC *Ra 2 IR IS & S ilmsn R KRS ST
72, PRI, W TEABRRE (®Ra:62x10°mBg L, AL, 1955) W& (PRa: 14x%
10°mBq L', Kanai 1988) #%, #%& CIE=ZHiE (®Ra:55x10°mBq L', #1l, 1955) 7 &%,
ZORFEFTH 5.

AR, PREIHAMT ORI XD, BRI HERR 212 B T 1,000 m AR o> K EEHRE A 5 ik
BED G2 BT AIEALMRILHGONE L) 1Tk o72. G EOHAKTHR S L7z *Ra—3H
S OIEOHBRIR, il - KIRA AIZHE UREOWEEMS (Landais, 1996) a#iki b &, &
N IR IR A Ra RNARZ SRS E O REMEAVRIZ E N 5.

FRERER T2, FHIL HMTEREOFRR~EKEEICB T S Ra FMARZEENCBEEZ D,
R R R TR O N A HALWRICER L CfZEZ21T) 2 & & L7z AREFETIE, AW - K
RAAL DML A, 7)) — 5 7B T HAbEE, FAE, B, B, sk,
BINE OREW) ROANEZHF5Es Gk e U RIL 2235 5t o Ra [f7/K (PRa,
“Ra) WEE, KE (BHEKS, pH%), ZERMARL (8H, §%0), HAFD U-Th RYIEMERE,
A — VB ORI JL O P Ra SR, WEI A v 74 ¥ 7 ARE O B R A S, AL Rk
@ Ra [AARIEEE 5AG L OSEIEZB S22 3 5 & & b1, MTFERBEK~HEARBEEICBIT S RalH
PLARZE) % S 2 HER LA ERIZ O W TEE L.

AT, EALW SRR O Ra IR B 254 [ OV T 3Rk ~ R BRBEI2 B 1) 5 Ra [FIfZ R
BEIIOWT, FEHEVPINFTCTE_L TE AR (EHIZAH, 2009), #HiEE (Tomita ef al,
2010), At s CGHFARE, FKHE KR OIIEE © Tomita et al, 2014) K OMb#EE (EHIZ2, 2014)
Wiz, &IESK T (Tomita ef al, in preparation) DFFZEREF D &0 THRIGAICHERT 5.

2. HRBRBRUXERGE

2.1 BFHRR

ALY RN, Fig, LIRS L9102, deiipl, #&RE, BKHIR, 2R, BBl o)A
5O 14 #RICBWTERAK L7z, GAEEHIOWTIE, duilgl, &0 ORI ROHE IR
S v T4 ¥ 7 ARE, BB SBREAEGAR 2RI 72 WEHRN 2152 2 &AMk
Mo AL S B B 75, FRAK L 72 3L R O RER - IBEAH 58 =R DHERD S e VK s, — 8
OHIRTIE, WA OHRE, BEaOMa RO REIRBEL WA EEZ LN,

2.2 EBREE

AFFETIE, HALRAKT O Ra Atk (*Ra, ®Ra), WS, KFEROCBREFEMAL (FH,
8%0), &Eh, HADOMLEROIMILA L OFRIET O U, Th, Ra FAEK, R 47—V O &L O
“Ra WEERE L7z, 0T RO e DRI ISR 2%, FRNZE HIZ 2 (2009), Tomita
et al. (2010), Tomita et al. (2014) ROEHIZ2 (2014) BRI iz,

WAL SRR O Ra FAARICOWTIE, F9REHAR 201 % HNOs 12Xk ) pHZ 1L FICZL T,
Fe* ¥ % V)7 —ZFML, sk, —WiE L7z, 2ok, NHOH I2X b pH 2 2 F£)£12 L, Ba®
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Hokkaido
Groundwater: 30
Rock (Drill cuttings): 1

Niigata Pref.
Groundwater: 23

Rock (Outcrop): 17

Aomori Pref.
Groundwater: 13

Toyama Pref. (Himi Cit
Groundwater: 10
Rock (Drill cuttings): 1

Akita Pref.
Groundwater: 8

Ishikawa Pref.
Groundwater: 23
Rock (Drill cuttings): 1

Yamagata Pref.
Groundwater: 7

Fig. 1 The number of sampling locations of Cl-type groundwater
and rock samples.

F ) 7— LAl (NH,) SO %2 N2, Ra [k % BaSO, L3k & i - B L7z, 2o,
FFO'NH,OH Z Mz THHEIZ L, Fe(OH)s LBz Bl S, —BE L ik ibEs /. 77
VI = a v ROEGEEC X D B & X L, HCl X1E HNO; I2 & Y Fe(OH); % #f# L 7214,
%2 X ) BaSO. bl 2 ML L7z, 155172 BaSO, % 600C THlighik, EEAHE L. FOk,
BaSO, # RV ZF L Y RICTEIZH AL, Ge F-EFMigZ HW 2y A7 b x b)) =12k
) RaiZ %% & L7z, RaF{AADONIERIL BaSO, DMER L L wWE AR L. /2, Ba> F v
)7 —i&, Ra AMARDHGDIER I v Ba(NOs), XIFE LA (Inoue and Komura, 2007) #*
BIER L7z, A7 bux—%—1%, NBL EE#EZE No. 42-1 (4.04%-U), No. 79 (1.01%-Th) KO
i KCL I L W RIE L 7-.

WAL AR P O BB I+ v ra~x b7 7 e, Ml id ICP-AES it ICP-
MSIZ X DJlE L7z, SRR OKFERMARL (PH) 1F, AL B w7okREDT APk, R
FIFALARLE (5°0) 13 WAL 32 7 A PR & 0 WA AR B = A at & Bl v CilllE L 72 (Epstein
and Mayeda, 1953 ; Ohsumi and Fujino, 1986). 7 V74 U B EE IIHREE 2 W 722 L 0
ER L7z

HARET O U RO Th FAARICOWTE, BIERGMIEN M L —4%—& LT®U0 LO*Th 2R
ML, HF, HNO; & O° HCIO, THrfl L7z, Z8585%iE%E 8 M HNO; I L7212, ABICXD#AS
N2 % Na.COs IC X VBRI L, AHICMA . 0k, Fe(OH); £ikic X U KO Th FAZE
ZENIL, U KO Th AR ZBEA F 258 h 5 2302 & 0 BRI 00 - 3L 7. B
W2 AT Y LVABIC U KO Th FiAA%Z EH L, ZOHSEL a A7 Fa X M) —2X ) @i
L7z, AT Ra FARIZOWTIE, BREF 08D 255 IR y A7 P X b)) —,
REDEOLEE, "KOar T RIS E BNy 77T v FRKET 57:®12, HF, HNO;
MO HCIO, TH %, BaSO. 12k ) Ra FfAZEUXL, y#ARTZ Fba X M) —=I2X )=l 7.
W X 2 5 AR oMM ERETIZ, FiT05M id 2MHCLIZ & % 15 4B Ol 5 iz & 1%,
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aEOTEEL, A XD A &R A 5 s A R O @ U, Th X 0¥ Ra Ff AR EEE
HEC L EmE L7z, SR EEKIC X 28 AR OMILERICOWTE, 1E L FERICHL - 4587
L, RaFfifkoAillsg L. 2B, MEBRTHONS Ra AVAKIMKRIETH 5700, B/NEH#
THERIZBU ANy 7 757 v Ry AR ba X v — (Hamajima and Komura, 2006)
W& D, ToRMARREZE® L7,

A —ViREHE, FLERTHIIL, kA DIH—fLL 728, *RaifEz yfANRT baX by —
bR LA 72, MR XHEPT (Rigaku, RINT2000) 12 & O SEPIHLR % [F) 42 L 72

3. HBEREEE

3.1 E{YMROKELER

B L7236t R o pH 12 62~85 TH Y, #MAahMtTh o7 T/, s (NE L EERS
DOFEM, TDS) 1£09~56gkg™ THH, MK D BN ESEET HREL L ohiz.

I 7235 LR L, Fig 21083 X912, 1B Z2E, NaClBTH 575 MKEIEKELT
Mg & SO, A F Y DMERETH ), ZOREIEAHEAKICHEB L Twiz 47 3 BHI B W T SO, A
FUBMHBENRT, MBEILNZ TY TICE LSO EILORMRE#Z 55 (Yamanaka and
Kumagai, 2006). Fig. 312, #RILL =5 R o §#H-5"0, §H-Cl J.U¥ 8"0-Cl g%, [F—oH:
TR OHBIFAZ 350 B FATIRZE DM ERE F & 1R 7. Fig 31RT X912, B L 728w R ok
T, HAKEHIMORKKOEESMLIZT Oy M3, HREERE L TWLZ EAIREN. £
7z, —EBOIEALYIR T, WK EHIROKAKORERe SN TT Ty b ENI22S, TIULEATHE
ZEL MERDBEIATH V), B A— KSR LI R O 78— v OFHZALIZHE - THAK L 72K DR A
W& D FMARIEAZAEL T D 50D, #KE KKOBEWEE Z Sz (gL HRE, 1986 ; I
eI, 2000 ; Xu et al., 2006 ; LRI, 2009). LhloZ Ehs, L AEDRIE, HAa
WK (baik) ZREE LTSI EARBEh.

@ Hokkaido
@ Aomori

@ Akita

O Yamagata

@ Niigata

@) Toyama (Himi)
@ Ishikawa

@ Seawater

Fig. 2 Piper diagram of Cl-type groundwater samples collected in this study.
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(a) 62H-8'80 (b) 82H-CI (c) 8'80-ClI
e —> )7
(H=850+200 Y 5180 (%)
=15 5 1P
X4
S, . ®
/ J&— omwL
(62H = 850 +[10)
e o 10000 20000 30000 40000 o 10000 20000 30000 40000

Cl (mg kg™) Cl (mg kg™)

Groundwater (This study)
@ Hokkaido ® Aomori @ Akita O Yamagata @ Nigata @ Toyama (Himi) @ Ishikawa

Surface water (This study)
A Aomori A Akita /\ Yamagata A Niigata 4 Toyama (Himi) A Ishikawa

Literature data
Kai and Maekawa (2009), Matsunami (1993, 1994, 1995), Matsubaya et al. (1973, 1975, 1978),
Kato et al. (2000), Kato and Kajiwara (1986), Xu et al (2006)

B Hokkaido E Aomori [@ Akita [] Yamagata M@ Niigata
Others
® SMOW  ————— Mixing line

Fig. 3 The plots of (a) 6°H-6"0, (b) 6°H-Cl and (c) 6 '"®*O-Cl for Cl-type groundwater samples along
with the date sets of literatures (Matsubaya et al., 1973, 1975, 1978 ; Kato and Kajiwara, 1986 ;
Matsunami, 1993, 1994, 1995 ; Kato et al., 2000 ; Xu et al., 2006 ; Kai and Maekawa, 2009).

3.2 B{LYMRAKBD Ra FffE (**Ra, *Ra) RUEAFD U - Th RIIZIEEE

BRULL 723510 W 3t A b 0 #Ra it E-**Ra/*Ra JUgT fE LL K OVA L iR o0 U RFIERE (3U,
“Ra) JEEE-Th R41/U RS (*Th/*U, ®*Ra/*Ra) KEEELOMIRZE Fig 4 1R3. HALW Kk
o #Ra #EE1E, 1.8~5080mBqkg™ Tdh -7z (Fig. 4a). RWFETH WS N7: *Ra RE DIk
EEE, ABRROZN (6200mBakg !, AL, 1955) LT 20 THY, ENERTH .
T/, RIL 23RO B 30 B W, ®Ra % 370mBgkg ' MlLEEHATEY, fEaH
R T VEIREBLDANI B VTS, *Ra & M &R & SRR RSB ICAET 5 2
ENRHBNE 5T HEALYRKH O #Ra/“Ra U REIIZ, 0.085~11.7 LIRIE VA TH - 7225,
ZOKRIIE05~25 TH o7z, —H, HATO URNBM (U, ®Ra) K O Th %51/U %51
(**Th/*U LI ®Ra/*Ra) JhthEtbid, #h 2N 57~9%6mBqg!, 012~25THh -7z (Fig. 4b).
S SN ERE R, Miyake et al. (1975) 2%%#i5 L T\ 5 HARD B S K L RE O 20 i
% (43~103mBqg ") KU #Th/*U staklt (040~28) LARBETH 7. WHIA Yy T4 ¥ 7
A % BRI L 72 AL iE O Tk, KO Ra i EA 3970 mBa kg ' & IR ICHIRETH L DIIH L,
BHAOHO PRa EE (117~299mBqg™) E— MWW RIREL XV TH -7z, 2, Bk
D *Ra D, HIZHEAD *Ra (PU) BEICLRENTVE DI TIELEWI L EZERL TV,
BAbW R Kb o #Ra/Ra BUETHELLIZ, RARMEORE 2BV T, 500 »Th/”U atiete (i
PR IRET S & PRa/*Ra) L FAFBEDSEHWETH > 7z

3.3 KHEAD Ra BEfA#igA Hh=X A
Ra Ffifkix, OB (Th, **Th) O¥%, @Ra x&GAaa GLW) OFEMR, GOk
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(a) Groundwater (b) Rock
14 14
> 370 mBq kg™

L12 12
- -_—
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2 0 5%
€8 ) @ 8
8 iz
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# & i3
NR 4 * [ ] @ ‘ 5 4
N 2 G20 @) 2
& ° o > P o0 LY

o Y & . o "%. X )

1 10 100 1000 10000 0 30 60 90 120
226Ra content (mBq kg) 238Y(226Ra) content (mBq g™')

Groundwater (This study)
@ Hokkaido ® Aomori @ Akita O Yamagata @ Niigata @ Toyama (Himi) @ Ishikawa

Rock (This study)
@ Hokkaido @ Niigata @ Toyama (Himi) @ Ishikawa

Literature data (Rock)
O Granite and basalt in Japan (Miyake et al., 1975)

Fig. 4 The plots of (a) **Ra activity and ***Ra/**Ra activity ratio of Cl-type groundwater samples
and (b) **U (**Ra) and ***Th/***U (**Ra/*"Ra) activity ratio of rock samples together with the
data set of literature (Miyake et al., 1975).

JEIZALIE S % Th FAARD o IS o IXBE, @EA (Si8) —KEEFIZ BT % Ra FALADR
HEROBZ X D KNG S NS, F72, Kb Ra FfRIZ, ®&FA GEW)—KEFITBIT 2
Ra AL ROWAE RIS ([ 4 ¥ 58z &) ROOmBRIESOREA~O LIS & ) BAH~FRZ:
INb.

Th FMARIABEEICE CTH 5720, A Th OEEE, Ra FMAROKM~OBEEMHEGIEE LT
WHTE 2. KIZ, Raz&Laa (BEY) OB X 5 T Ra [WMAD R KA SN 258
FIZOWTELRT 5. KIEH AR O BIBEUK UL RS S OB - 2% W 5 PEREKTH
L, F7z, BAHALEFICXDROBEEFEZRTREELIIH 5205, H—Uakble LTk g
CH—ICRHMA CAD STV L MR (HR) 2IRET 5. 72, AKMH~NMERE Nz Ra
FRARIZ A TORPICRIESI NG EIET B &, i (BE8)) OB X 5K D Ra RIALAREE D
R ZALIED T O X9 IR T L TE S (Blx1E, Tricca et al, 2001).

RN, =p, (1-n) * @ * ™A, + (1_e—x1?a-t)/(pw St Age) c L0 (1)
SIT, MAL AL Pu Py D, Or KD e 1E, ZRENKP O RaiEE (mBakg ), EHHO Ra
=B (mBag™), KOEE (gem™), GAOHEE (gem™), MBS, S (8i%) O Ra OEH
HEE (s7) KU Ra DEEEEH (s7) 2&K3. HALWRIE P CRUHMLADLA TS
MKEEZEZONDZEDD, Oure=0zsn & L TERIREZNET S &,

RN SN = (Nazgra/ Kazsea) = (PPN /27A,)

=0.0036 (228RHA7/226R(:AV) ~0.0036 (Z?ZThAV/Z?Sl'AV) ....................................... (2)
KLY, FH GE¥) OB LD KM Ra FAAEHE S W26, SH D ™Ra/*Ra
(*Th/*U) Bttt X 0 < 2 5.
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=7, SWFEEHFET S Th FNVAARD o AT o RBEIZ X D Ra FAARDSIREE KIS
ENZYE, RIS BETICE T LAD SR TW 2 BiMZA R (M%) 2ET 5L,
KD Ra WAAREEIIUTOL HICEKT A TESL (BlIziE, Kigoshi, 1971).

Raszgpy . (l—n) <L - TA, - (l—e'm‘”)/(élpw en - r) e TP (3)
ZZTC, L A KRU X, FhFENRaRMAO KBTS (cm), #E%dho ThigE (mBqg™)
RO ok (cm) 28T, @WRELZBET D L,

228Ra Aw /ZZSRa Aw ~ 232Th Ar /238L' Ar .............................................................................. ( 4)
K& v, AW RERAKF O Ra FAAKRDS o BRI & D KMICBAE SN B 5, S IREBICB W TH
W&o Th FAEO *Th/Th (*Th/”U) BRI EHFEL < %5, RINL 7235 R 3 R IIH
HWIFTIZH CAD bR TH B L2 ERT 5 &, HALWRAKT D *Ra/*Ra SRS, A
HO ThARH/U RIS RE & FREEP S HWETH 5 L v I #iR (Fig. 4) &, Ra & T
o BRI X D KBS SN T D 2 L 2RRs 5. 72, ®Ra/“Ra ATRRILOK R 5, Ra
FfAROREEIEE, FA NV VDX ) % Urich 2’5 (B2E, Eeyaotrf vz rvo
Th/*U fgdtrettid 0.04, Galindo ef al, 2007) Tid7% {, MREFOEAHKRTH L EEZ NS,

3.4 BILYRAKPD Ra R FIRE XA 5 MIXMEFZNER

KA S 7z Ra RALAIE, WA BOG K OSEEIC & ) BIAHABRE S s, WAg BOUSIE I
pH, M LEICIRI, HICX v HlShseEZO5NL. Rald7vh) HHCH (Il TH5
720, KHOBALEICKIIZ £ D Ra OMBAEIZELT 5 2 L1375, Ra ZIICWAET %
Mn BALW S BRALH 2 BB CRAFAE S 720, WM Ra ilE% A 4. Fig. 512 *Ra-pH,

5 5
226Rg- ' (b) 226Ra-
(a) °Ra-pH R?=0.065 i (b) 226Ra-S0O,/Cl R2=0.004
T 4 - 4 H .
2 P : ° ‘. @ Hokkaido
i ) ) A i

3 3 =z, i 5 & . @ Aomori
£ & : @ Akita
S = :
€ 2 €20 O Yamagata
5 |
3 219! ® Niigata

(] o L . ; . @ Toyama

n.d. -4 -3 -2 A 0 (Himi)
log(S0O,/CI
5 5 ca(soJen @ |shikawa
| (d) #°Ra-SO, R?=0.012

= 4 < 4 [
2 2 i
a3 83
E 5 '
g’ §2 i
8 i
B 1 51 8!
2 2 i

(] - - - : . .

1 2 3 a 5 6 n.d. 0 1 2 3 a
log(TDS), mBq kg™ log(SO,), mBq kg

Fig. 5 Losgarithmic plots of (a) **Ra-pH, (b) **Ra-S0O./Cl, (¢)**Ra-TDS and (d)**Ra-SO. for
Cl-type groundwater samples collected in this study.

259



AP MR
#Ra-S0./Cl, *Ra-TDS J U *Ra-SO: DBk 2 /8§, LW 3K 2kl & 3 % 0T SO./Cl &
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Fig. 6 Logarithmic plots of (a) **Ra-Ca, (b)***Ra-Sr and (¢) “**Ra-Ba for Cl-type groundwater
samples collected in this study.
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Fig. 7 (a) Shows logarithmic plot of **Ra-TDS for Cl-type groundwater samples collected in this
study along with the data sets of literatures for Cl-type groundwater around the world. (b)
Represents the comparison of the activity of U-series nuclides of the rock around the world.
The data sets were referred from Kraemer and Reid (1984), Krishnaswami et al. (1991), Kronfeld
et al. (1993), Pluta and Zuber (1995), Moise et al. (2000) and Sturchio et al. (2001).
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RS £ 91, S E KT O *Ra-TDS O & bR —FH L Twab. KIS EESET
A RIS A F 2 3B RGIOMEKTIE, RFFE TR S LR KO 10 50 o *Ra i
JECTHh B 2% (Fig 7a), WAKEAGAFO U RE (U :46~52mBgg ') &, ABIZETHSNEH
WOHEA (PU:57~9%6mBqg ™) LHEETH S (Fig. 7b). —J, JBHERBHILTIE, + 4V =
Nt A A 1000mBgg ! Pl ®U # &% (Fig. 7b), HAKF O *RaiElx, 72U 2W
Fethigie 2 & ¥ I BHBOBEKROEN L MAQFFEETH Y (Fig. 7a), HAD U DS, HHIZ
KD #Ra 2L TWEDITTIEEWwEEZ 5N5. Fig 7a TH SN, Ho
ekl TMlio Na S ICFEM OGS 4 b2 HEI NS 720, Tl CHET % Ra DA A3HIH] S,
B O *RaiBENEL 2B LERLTED, KiHH O Ra RS, #ARSKAEED
e - BEEROS (£ F v &) LD HMEINTWL I EERBLTWS. T2, it (£
YEVBFA MREHF)FA ) ANO Ra DWAEEBIIB TS, WHPE L RDITONTH L
S~ Ra AR O WA E SN, KM Ra VAP BREIRRL T W LR INT
(Tamamura et al., 2014).

X ARMT AT OFER, LB TR L 72 27— vikehd, BICEMSA (BaSO) 22574 D, *Ra
A3x10°mBgg ' ZEN Tz, ZoORKRIEE, RENTEROPERSNDE, Ra FAARIKMH
POBREINTVWDLZEERLTEDY, BaSO, DERA KM O Ra A AREELY ZELL TW5 &
Zzobhb, LH,L, Figbd \RT X951, AW RAKP O Ra FALARIE, —FWIC SO, HEEIC
FENTWDE DI TIE R, £ T, Fig 812 #Ra-TDS, *Ra-Ca, *Ra-Sr K UF *Ra-Ba ® B
% SO BRI OB & SO, & HF LR RITH T TR L. Fig 8 1IR3 £ 912, SOk
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Fig. 8 The plots of #**Ra-TDS, #**Ra-Ca, **Ra-Sr and **Ra-Ba for Cl-type groundwater samples
collected in this study along with the data sets of literatures for Cl-type groundwater around
the world. (a) Shows the relationship of them for sulfate-free groundwater while (b) for
sulfate-containing groundwater.
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B O H T /K Tld #Ra-TDS, *Ra-Ca, *Ra-Sr X U *Ra-Ba DI & 0 BABEZRAHBI AL & oz —T5,
SO, &L TFARTIHIESDENKE W, ZhE, *Ra-TDS, *Ra-Ca, *Ra-Sr & U **Ra-Ba D[
FRIZBWT, SO DFLEIES DX DO—HTH B et ZRIE L TV 5. SO KM 2 # MK T,
BaSO: 234 S M7 WERBE ] O SO, ITASHE & A VR mlREICRB L TwibEzohb 2 &
A5, BaSO: AWM O Mn BRALW A~ O W 12 & % Ra FARBRZED R o Tz EX b5,
2% Y, Fig. 8a ® SO ASKM M 2 # T KT S N - HEE 2 AHBIBIFR I, WP PRSI 31 2 3 F Kk
W 2 Ra [FALARDIRGRAEE DN A - BB RS (TN A + V) OEINZRL Wb EEZ N5,
HF KA D #Ra % SOs DKM 2 M TFKD *Ra-TDS OBR L D T HIZ7ay N3N E4A,
BaSO, 4K OF Mn BBILI~OWAE %I L ) Ra FMAESBEE SN TwR 2 eanEzon, LA
Ty b ENDZYE, RaFMAENL ) KIS T WERETH L Z LAVRIBRENS. SO,
OFBM T KD ®Ra-TDS OFFE L Y EHIZTa Yy PSRz SO, 2 &0 bR IZoOVwTIE,
Ba AMEIEE TH 5 720 BaSO, 2VEM L vy, F/213 2 0B R EEANE W20, o KBKIC & b EH
PO END RaDVHEEEN TV LW EDEZ HND (Szabo ef al, 2012). KD *Ra igFE
LY —REEL BB AH=ALE LTIE, HAOKE HA (W) —KER~DTh (3U) &
HF£EOFA, RaSOL DEWENREZEZ LNLD, TOAHZALIZOWVWTIE, HWTICBITLHE -
FE)) % B R L 72805518 (LA K OREE S o fafIfe k) S ZE L ¢, 4% % 2 MEhwh
ETH5b.

3.5 HAD ®Th/U Ksteett & ) H 30 **Ra/*Ra et 2 B § 2Bt ROHRE

FaR L7z & 912, SR O #Ra/*Ra BATRELLIE, A4 O **Th/*U (**Ra/*Ra) Khtaert &
FIAEEE D O Bl 2 7R L7z, EHIRFEIC B W T Ra [AAARDS a SUBKIC & 0 ARG S b 34,
HALW IR O *Ra/*Ra T BELL D4 O P Th/2U BRI X D < 257201213, o IBKIC &
) Ra FfARZ KR T & 2 REEHPAICAEAE L TV 254 (BEY) 8 o *Th/*U (**Th/*"Th)
Bt S B A DOZFNR LY bE, 2F ) PTh2VEW XD bIBEL TV ILENRDHS. Thil
EBOFEIEIZOWTIE, B2 11X, Tricca et al. (2001) J%OF Sturchio et al. (2001) 1%, #WHEOAEAL
DRI L0 AKANHO S N7 BE O Th FMAEA S A—KBERICER L T2 L H#ENIL T2
V5, FOEBRNLAHMIBR SN Thw v,

WH A Y 74 ¥ 7 2 BRI L 24l O R Ti&, Ko ®Ra/*Ra BT 18~19 TH %
DKL, A b L—F —H %@ STV BEE 690~1000m (2351 5 217 D PRa/“Ra gTHEL X
1L1~18 THh o7z F/z, BILE OkAT) ORRTIE, KFo *Ra/Ra eI IZ 88~11.6 T
HDHDOITHL, A ML —F—=25%i#E STV LEE 650~820m 2B % A4 D “Th/*U Ktk
i3 085~25 THh o7z, 22T, BBEOHEIH v 7 1 ¥ 7 22T, Ko *Ra/*Ra i
BHEEIE & 0 VBRI A AT % 5 DOBE (710m, 750m, 810m, 850m, 990m) D% FilkH
DWT O05MHCI Z Wi B2 1T o 72 72, BIWE OkRW) ol y v 54 ¥ 7 A2D
WTiE, 8 DD (700m, 710m, 720m, 730m, 750m, 770 m, 880 m, 820m) D EfKFHI DOV T
05MHCL, 2M HCI K O fl &35 K & v 72 i 5Bk 2 17 > 72, HCLIC & 2 il S5 - % Fig. 9
\RY. Fig. 91SR$ X912, fMl#lo Th R451/U RyREHEILIE, @Afosh kT s L
FARED S B ZR Lz, F72, dbilEic o v CIEgEE 850m KU 990m, &Il Ok i)
DWW TIXIRE 770m D5 A RFHI BT, AR o Th R51/U 50 G AR K o
“Ra/*Ra t4fetb & —3 L7z, IR OKRW) oA v 71 ¥ 7 212o»Tid, faflfiiK
X BHIHERICBWTY, EET770m BT, AT o *Ra/*Ra st s K o
2Ra/*Ra B HELL & A —30T B KR 2 572 (Fig. 10). Z ORI, “AAEEICHFEET S Thid
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(a) Hokkaido

AR D 5 2w ARG

(b) Toyama (Himi)
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Fig. 9 Distribution of Th-series/U-series activity ratios of leachate obtained by leaching experiment
with diluted HCI, whole rock and groundwater samples from (a) Hokkaido and (b) Toyama
Prefecture (Himi City). Square, circle and diamond were showed the Th-series/U-series activity
ratios of leachate, whole rock and groundwater, respectively. Gray solid area represented the
range of **Ra/**Ra activity ratio of Cl-type groundwater with error of 10.
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Fig. 10 Distribution of **Ra/**Ra activity ratios of leachate obtained
by leaching experiment with saturated NaCl solution, whole rock
and groundwater samples from Toyama Prefecture (Himi City).
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BARD a 2L D o KBEIC & 0 Ra AMADSTRILR KSR SN B84, @ REBICBwT, P
W OENZ XY, IRELR KT O *Ra/”Ra BSTREI L S A ZEME (A AE T % Th [ AR **Th/*Th
BUSHEHL L L 25" &5 mMCIEFICHIREEC, MIRMICAHD BT 2 HICHRKF D Ra
FRARDOPFRIRE 22 5 Th FARAEE L CO L WHEEZ M RIBS 5. L LA, KREfZET
&, WHS T4 YT ARMGEHALTW A, KRkonha (#Y) F£Eo U, Th KU Ra FALARS
HHAEE SN T WREELNH L 2 L, T/, (LENRMBERLIT->Twa 720, HE LA
GAHHRED Th SN T B Z LR TFHENS. 0O ThiREROELELE ZNIHRT 2 i
DS P Ra % B E TR R A A O Th R5/U R EE & ) & & *Ra/*Ra Bthtig
WOWRSROBNE S SICH ST B0, WHIA v 71 v 7 2T AR IEE a7 2 Hwi:
J2BER> Th i4E R OFAEIRREIZ BT 2 M UHTH S 9 .

4. ¥ & O

e, HARE, B, WBE, FBE, SR Ok B X OHINEOR R MR
HTH SN B R O Ra RN ARDREE /A, IR K O T ERMAK~ KRB IC BT % Ra
[EIAARZEH) % SCHL S 2 M ERIL A BRI DWW TE S L7z, 3K L 723 LR Ak (TAaiEK)
ZRIFEE L, 0 ®RaiklEid 1.8~5080mBgkg ! TH Y, “Ra % IS & Tt 528
IR R R R I BV T O S HAAAE L7z, BAb 5k @ Ra/*Ra s ig e id 0.085~11.7
THY, HAD Th RH/U RFIHE e (0.12~25) L HNEREDSEWVETH 72, T OR
R, WAL EKH O Ra RAAR Y EA (BE8) ZRBICAE S % Th FVARD o B2 o Bk
WD ARMNMER IR TVWD I ERBR L. T2, St RAKT O Ra FEIEE, A4V vo
&9 7% Urich ZAA TR %L, BEFOEAZEEE LTS EEZ LN HALWRKTO *Ra
IZOoWTIE, 52X 13KREVH 0D, HALWRKTOES AT % & *Ra BREEABM T 5 5]
MASHE S, HALYR K O *Ra BRI MKGEE O - FEEROSIC X ) ZRESNTw 3
CENHLNE Lo Fh, HPFHNTHERL-EGAZ BRGE TSR — V) Ra & Rk (3
x10mBqg™) IHELI L5, SO, DFFELIRALY RAK T D *Ra & TDS, Ca, Sr X UF Ba ® 1%
WKCBIBIES2XZDRKO—2E LTEZON. WA v 74 ¥ 7 ZAOMBERH I, SAH0
Th %51/U REHGRELE & D 3 v ®Ra/*Ra UG RELL % 49 2 # T K D BRI 35 v CE 2 7 £k
FRTEN ) —KERO Th ik oA RN 250 < R L7z

E

RIFZEE, FHBDEIRKSFE HARMEEREEIE L~ & — - KL~V RSB0t % T 5 |2 S it
L72bDTH 5. ARG aBEITT 512H72 0, RIGERE R BHEOR L HIREL B ) £ L72&RKS -
B A ARMERERSEIIZE £~ 8 — - KL NXOVIURBEE B 3 O LA BUEBIZ 2 13 Lo & 3 2 L EbigE S
ORI G OBEBICECEHP L LT, 2B, AR, HARSMIRELSE HINFZE S 23205
T (EHMT. No. 20-6070) KO CRHAERHFFZEHE QLUABEE. No. 22510057) OBk % 1%
it L7z
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